Domestication refers to artificial selection and breeding of wild species to obtain cultivated variants that thrive in man-made niches and meet human or industrial requirements. Several genotypic and phenotypic signatures of domestication have been described in crops, livestock and pets. However, domestication is not unique to plants and animals. Microbial diversity has also been shaped by the emergence of novel and highly specific man-made environments, like food and beverage fermentations. This allowed rapid adaptation and diversification of various microbes, such as certain Lactococcus, Lactobacillus, Oenococcus, Saccharomyces and Aspergillus species. During the domestication process, microbes gained the capacity to efficiently consume particular nutrients, cope with a multitude of industry-specific stress factors and produce desirable compounds, often at the cost of a reduction in fitness in their original, natural environments. Moreover, different lineages of the same species adapted to highly diverse niches, resulting in genetically and phenotypically distinct strains. In this Review, we discuss the basic principles of microbial domestication and describe how recent research is uncovering its genetic underpinnings.
Introduction
Darwin's theory of evolution describes how species change over time through variation and selection [1] . When the gene flow between populations of the same species is reduced, for example because of physical isolation, evolution can result in genetically and phenotypically distinct subpopulations, which can eventually lead to reproductive isolation and speciation [2] . Interestingly, humans can interfere with this natural process of evolution by deliberately limiting gene flow to specific subpopulations, creating artificial, man-made niches, and by selecting traits that do not necessarily increase fitness in natural environments (artificial selection). In combination, these processes explain how some species become completely accustomed and even dependent on man-made environments and evolve features that are useful or pleasing to humans -a process referred to as domestication. These features can range from yield (e.g., beef cattle [3] and agricultural crops [4] ) and stress tolerance (e.g., drought-resistant crops [5] ) to behaviour (e.g., companion animals [6] ) and aesthetics (e.g., flowers [7] ) ( Table 1 and Box 1).
With some notable exceptions, such as dogs [8] , the emergence of domesticated species is often intertwined with the First Agricultural Revolution (the 'Neolithic Revolution'), the period around 12,000 years ago when humans changed their way of life from hunting and gathering to farming [9] . They started cultivating plants and animals, and selecting offspring that best met their specific needs, thereby effectively taking over the natural processes of selection and gene flow. For example, a mutation that prevents wheat from shattering and falling to the ground when ripe was selected for by humans very early after initial wheat cultivation. This mutation, which makes wheat harvesting much easier, still persists in present-day wheat varieties [10] . Importantly, because selection during domestication is driven by human intervention, selected features can come at a fitness cost in natural settings. For example, present-day bulldogs have been bred to have a short nose and flat face, giving them a more human-like expression. However, this feature is clearly not advantageous in a more natural setting, as the shorter and flatter snout causes severe breathing issues [11] . Similarly, Belgian Blue cattle is a very muscular race that was bred for its higher feed conversion rate and increased muscular mass, but this muscle hyperplasia results in an obstructed birth canal and makes reproduction of the animals dependent on caesarean sections [12] .
The general concept of domestication was described in 1868 by Charles Darwin [13] . He was the first to extensively document the striking morphological resemblance between different domesticated animals, despite the lack of close evolutionary relationships between their wild ancestors. Smaller brains, smaller teeth, increased passivity and docility, floppy ears, shorter curly tails and lighter and blotchy coats are all examples of phenotypes that hallmark many animal domesticates, and which Darwin therefore referred to as the 'domestication syndrome'. Experimental evidence for domestication was obtained in an audacious experiment in Siberia in the 1950s, known as the 'Russian farm-fox experiment' [14] . In this experiment, Soviet scientists performed an elaborate, multi-generation breeding effort with red foxes, each generation choosing only the tamest individuals for the next breeding round. Within 10 generations, not only did the foxes become more docile and friendly towards humans (the phenotype for which they were selected), they also started to show the same array of other domestication phenotypes described by Darwin, even though these were not directly selected for. This new lineage of domesticated red foxes still exists and is now even available as a pet [15] . More importantly, this experiment highlights the power of artificial selection to transform species, even over short evolutionary timescales.
Compared with plants and animals, microbial domesticates have long been overlooked. More recently, the vastly expanding set of genomic data enabled researchers to more accurately map the genetic relationships among different microbes. This led to the discovery that industrial microbes often represent genetically distinct and isolated clades in the family tree, thereby suggesting genetic isolation and possible domestication. However, the environmental circumstances required for microbial domestication and the characteristic genetic signatures are often not investigated in detail. In this Review, we will address these issues, and exemplify microbial domestication by discussing the characteristics of three industrially important microbial groups: lactic acid bacteria (LAB), moulds and yeast.
Domestication of Microbes
Compared with domesticated plants and animals, the effect of microbial domesticates on our society is less evident to non-experts. Nevertheless, it is hard to imagine a world without bread, cheese, beer, wine, sak e, yoghurt, soy sauce or spirits -all of which exist in their present forms thanks to domesticated microbes. Interestingly, whereas the domestication of animals and crops was mostly the result of an intentional human effort, the domestication of microbes happened largely unintentionally. The existence of microbes was only discovered by Antonie van Leeuwenhoek in the late 17 th century, while the role of microbes in fermentations was only unravelled in the 19 th century [16] .
Perhaps most importantly, the first pure culture of microbes, more specifically lager beer yeasts, was only isolated in 1883 by Emil Christian Hansen at the Carlsberg brewery. Initially, fermentations occurred spontaneously and were driven by contaminating microbes present in the environment. However, this does not imply that domestication of microbes only started after their discovery or isolation. After the switch from a nomadic to sedentary society in the Neolithic revolution, humans also started to change the way they performed fermentations, motivated by the clear advantages of process control on reproducibility, safety, taste and flavour of the product [17] . The most drastic practice that triggered the domestication of many microbial Selection on various laboratory-derived alleles (npr-1, glb -5, nath-10) species is probably 'backslopping', a process in which artisans continuously transferred some material (and thus also microbes) from the previous fermentation product to start a new batch. As a result, early artisans unconsciously promoted adaptation of microbes to the human-made fermentation environment. While conceptually similar, it is important to note that there are fundamental differences between the domestication of microbes and that of plants and animals. First, since microbial populations are typically very large and individuals can only be isolated using modern equipment, selection occurred on populations of millions of cells, leading to a less-controlled domestication compared with plants and animals, where meticulous selection happened at the level of individuals. Second, during microbial domestication, there is a continuous and fierce competition between different variants (species, strains, mutants, etc.) in each fermentation round. In a way, it is 'survival of the fittest', only now in a human-controlled environment. Therefore, much of the microbial domestication characteristics were selected on the basis of increased fitness in specific fermentation environments (Table 2) . Interestingly, nowadays, the manipulation of single cells and pure cultures, together with new biotechnological techniques such as genome shuffling or protoplast fusion, provide opportunities to perform more 'traditional' domestication in microbes, in which specific parental strains with desired characteristics are crossed to develop offspring with new, desired properties, such as the production of exotic flavours that do not necessarily yield a fitness advantage in the industrial niche [18, 19] .
Although microbial domestication is closely linked to our daily lives, several seemingly simple questions still remain: how, why and when did microbial domestication exactly happen? Studying microbial domestication is challenging for a number of reasons. Most importantly, in contrast to some domesticated animals or plants, no fossils or ancient DNA is available to reconstruct patterns of evolution. Moreover, geographic origins and the life history of individual microbial strains are often not documented. Recently, however, several studies used large-scale whole-genome sequencing and phenotyping to illuminate some of the origins, ecological context and mechanisms driving the transition from wild microbial strains to domesticates [20] [21] [22] [23] .
Key Examples of Microbial Domesticates
Over the past decades, potential domestication events of multiple microbial species have been investigated. However, not all food-associated microbes have necessarily been subjected to domestication, simply because not all fermentation setups allow for it. Domestication requires continuous cultivation and evolution in human-associated environments. It is important to critically assess whether a food-associated microbe meets the basic domestication criteria of representing a genetically isolated lineage that specifically adapted to the man-made environment at the cost of fitness in more natural niches, or whether instead it is merely haphazardly present during the fermentation process because it is a natural variant that happens to also thrive in the human environment. Domestication is traditionally defined as the adaptation over time, especially by selective breeding, from a wild state to life in close association with and to the benefit of humans, causing morphological and physiological changes that distinguish domesticated taxa from their wild ancestors [24, 25] . This definition generally holds for microbes, but can be further nuanced by considering the ecological context and the population genetics of microbial domestication. We therefore propose to consider the following five genetic features that are commonly encountered in microbial domesticates: genetic differentiation and isolation from the wild ancestor, indicative of limited gene flow required to obtain distinct subpopulations or species; partial dependency on and adaptation to the human environment; suboptimal performance in natural settings caused by loss of genes involved in properties that are no longer required in the human environment ('genome decay'); context-dependent reduction of genetic diversity due to repeated bottlenecks and intensive selection during the backslopping process; and admixture between genetically distant subpopulations, indicating the presence of human-associated dispersal.
It is important to note that not all microbes that thrive in manmade environments necessarily meet these criteria for domestication, and that there can be a grey zone where certain natural variants thrive better in man-made environments than others, without further genetic adaptation. For example, some microbes associated with the production of cheese, such as Penicillium roqueforti, are typically continuously cultivated on bread. Each batch of cheese is inoculated with a starter culture taken from the stock population, but the fungi are usually not recycled after cheese production, or only have been for a very brief period in history [26] . This implies that these fungi may have adapted more to the growth on bread rather than the growth on milk. The presence of airborne spores also implies that the cultures may not be completely isolated from wild populations, and this gene flow can slow down or even disrupt the domestication process. Nevertheless, it should be noted that researchers have Generally, three different pathways of domestication are defined in animals. In the 'commensal' pathway, wild animals first started to habituate to a human niche, often because of their attraction to human waste. In this early phase of domestication, there was no human intentionality. Later on, an increasing degree of well-considered human actions led to more intense domestication, with animals kept in captivity and the installment of strict breeding schemes. The second pathway, referred to as the 'prey' pathway, includes a process in which wild animals that were initially hunted by humans (e.g., cattle), were caught by humans and then kept in their settlements. The third pathway, the 'directed' pathway, refers to the most recent domestication processes. This trajectory skips the early phases of habituation and management, and begins with the capture of wild animals with the clear intention of controlling their breeding. In the context of microbial domestication, the vast majority of species followed a trajectory that resembles the 'commensal' pathway. However, in the past decades, 'directed' domestication, in which wild species are isolated from nature and introduced to industrial applications and/or breeding schemes, is also applied.
reported cheese-associated genetic lineages of P. roqueforti [27] , and identified several genes in this species that were probably acquired through horizontal gene transfer and that allowed better growth in the first days of cheese maturation [28] . Examples include genes encoding antimicrobial proteins and a lactose permease, with lactose being the primary carbon source present during the first few days of cheese maturation. It is still unclear, however, whether these genes are also present in some natural populations, or that these genes were exclusively obtained by the industrial lines. Additional sequencing efforts of strains from diverse geographical origins and natural as well as manmade niches, combined with functional investigation of the putative adaptive regions, will provide more conclusive insights into the life history of cheese microbes.
Below, we will discuss three key examples of microbial domestication (see also Figure 1 ). First, we will provide a general overview of the main findings in LAB and filamentous fungi (mostly Aspergillus). Next, we will discuss the most intensively studied microbial domesticate, Saccharomyces cerevisiae, in more detail.
Domestication of Lactic Acid Bacteria
LAB are a class of bacteria that produce lactic acid from sugars. These bacteria naturally occur in both plant and dairy environments. Today, many LAB play a crucial role in the production of various fermented foods and beverages, where they contribute to flavour, texture, safety and quality [29] . Domestication of LAB resulted in starter cultures used for fermented food production [30] . Lactobacillus and Lactococcus are two LAB genera used to make fermented dairy products, including soft and hard cheeses, sour cream, yoghurt and buttermilk. In both genera, domestication is associated with species-specific gene loss in metabolic pathways, sporulation and oxidative stress responses, as well as acquisition of genes, through horizontal gene transfer, specifically required for optimal growth in the dairy environment, such as genes involved in utilization of milk protein (casein) and milk sugar (lactose) [22, 31, 32] . For example, domesticated Lactococci often have lost the ability to synthesize various amino acids, and instead have acquired an elaborate system of proteases that allows them to break down casein into its constituent amino acids. Many of these novel functions can be found on large plasmids (so-called plasmidomes) acquired through horizontal gene transfer [22, 31, 33] . Another key difference between domesticated and wild Lactococci is the (in)ability to degrade plant-derived sugars. Plant material contains many different carbohydrates, whereas milk mainly contains lactose. Wild isolates of Lactococci can grow on a variety of plant-derived carbohydrates, but domesticated isolates no longer can, due to pseudogenisation or transposon insertion in genes encoding for example carbohydrate transporters [33] . Similarly, the genome of Lactobacillus bulgaricus, a LAB mainly used in yoghurt production, shows a high degree of pseudogenization in amino acid biosynthesis genes [34] . The genome does encode several amino acid and peptide transporters, as well as multiple peptidases and an extracellular protease. The latter is in fact essential for growth of L. bulgaricus in the milk environment [35] . Domestication of LAB has also been mimicked in a laboratory setting [36] . After propagation of a wild L. lactis strain for 1000 generations in milk, it showed many of the same domestication phenotypes observed in a domesticated dairy strain. More specifically, the evolved strain showed increased acidification rates and biomass yields in milk, and lost a transposon containing genes important in the plant niche but dispensable in milk. Phenotyping and comparative transcriptome analyses further showed that the drivers of improved growth in milk are likely linked to the downregulation of pathways involved in complex plant polymer utilization and the strain's altered nitrogen metabolism. This latter phenotype was shown to be linked to mutations in genes related to amino acid biosynthesis and transport. Domestication of LAB is not restricted to industrial dairy strains. For example, Oenococcus oeni is the LAB preferred by winemakers -it deacidifies wine by converting L-malic acid into L-lactic acid (malolactic fermentation). O. oeni isolated from wine shows a small genome ( 1.8 Mb) [22, 37] , probably due to extensive gene loss during adaptation to the wine environment. Interestingly, O. oeni has lost genes involved in mismatch 
repair, and it has been suggested that the resulting higher mutation rate contributes to adaptation to the wine environment [38] . Whole-genome sequencing of different isolates has started to provide insight into the domestication process of this important wine LAB [37] .
Apart from dairy products and wine, some LAB species have also been associated with fermented meat [29] . For example, Lactobacillus sakei is a LAB commonly found on fresh meat and fish. It is also one of the key species present in commercial meat starter cultures used in the production of fermented meats, such as dry sausages, where it plays an important role in its preservation [39] . L. sakei differs significantly from other LAB in several of its phenotypes -it can grow at low temperatures and in the presence of relatively high salt concentrations -perhaps not coincidentally two of the most common preservative conditions used in meat processing. It also shows high resistance to oxidative stress and changing oxygen levels compared with other LAB, which are also important environmental stressors in meat processing. Together, these phenotypes contribute to the increased fitness of this species on meat surfaces compared with most other microbes. Whole-genome sequence of an L. sakei strain isolated from a French sausage revealed the genetic basis for several of these unique phenotypes [40] . For example, its genome encodes multiple genes to deal with oxidative stress and changing redox conditions. Another striking feature is the presence of multiple genes involved in exogenous nucleoside salvage pathways, enabling L. sakei to derive energy from nucleosides. These features, which are typically absent in other Lactobacilli, could reflect adaptation to the sugar-poor meat environment. In addition, the L. sakei genome shares several features with genomes of other LAB species, including loss of amino acid biosynthesis genes. As discussed above, this may reflect adaptation to a nutrient (amino acid)-rich environment. A larger scale study of > 200 L. sakei isolates from different environments indicated the existence of several independent lineages within this species [41] . While it was speculated that this could potentially reflect differential adaptation to specific environmental and/or food niches, more research is required to understand to what extent and how L. sakei became a domesticated microbe.
However, as backslopping used to be common practice in meat processing [29] , it seems plausible that L. sakei was indeed domesticated in the fermented meat environment.
Domestication of Moulds
In addition to bacteria, moulds are also involved in the production of many fermented products. Species of Rhizopus are used in the production of different alcoholic drinks and tempeh (a traditional Southeast Asian soy product). Monascus spp. are used for the production of food colorant, preservative, food supplement and traditional medicine in East Asia [42] . Monascus purpureus, for example, is used to make 'red yeast rice'. Penicillium spp. are used during cheese making (see earlier), while various Aspergillus spp. are utilised during the production of traditional alcoholic drinks, sauces, and condiments, as well as for the industrial production of chemicals, most notable citric acid [43] . However, as mentioned earlier, most of these production processes do not involve continuous cultivation of the microbe in the industrial setting, which limits specific adaptations and may therefore imply only partial domestication.
A more clear example of a domesticated fungus is Aspergillus oryzae, a key player in the production of fermented traditional Japanese foods such as miso (soy bean paste), su (vinegar) and shoyu (soy sauce) [44] . A. oryzae is also involved in the production of sake (rice wine) -spores of this fungus are spread onto steamed rice and this mixture (also called 'koji') is incubated for several days. Next, steamed rice and water are added to this koji. During this process, A. oryzae breaks down the starch present in rice into sugars that can subsequently be fermented to alcohol by yeast. A. oryzae was domesticated from Aspergillus flavus, an agricultural pest that produces the carcinogenic toxin aflatoxin. The A. oryzae genome has accumulated inactivating mutations in the genes encoding aflatoxin and hence no longer produces this toxin [21] . It has been postulated that A. oryzae was domesticated from an A. flavus variant that no longer produced this toxin [44] . Interestingly, aflatoxin is genotoxic to S. cerevisiae, suggesting that its detrimental impact on yeast survival and, as a consequence, sake fermentation, drove the atoxicity of A. oryzae. Compared with its wild relative, A. oryzae also contains more copies of the a-amylase gene, responsible for the breakdown of starch. In fact, a-amylase is the most highly expressed gene in A. oryzae [21] . Additionally, the genome of A. oryzae has multiple genes encoding secreted hydrolytic enzymes that break down proteins and complex carbohydrates present in the outer layers of grains, allowing the fungus to access the starch-rich interior. The origin of these genes is still debated, but horizontal gene transfer has been proposed as the most likely mechanism [44] .
However, the most intensively studied microbial domesticate is probably the baker's and brewer's yeast S. cerevisiae, the main driver of many industrial fermentation processes performed today, which will be discussed in more detail below.
Saccharomyces cerevisiae: One of the World's Oldest Domesticates Saccharomyces yeasts provide the perfect model to study (microbial) domestication, as they have a small and intensively studied genome, short generation times and an elaborate toolbox available for genetic and phenotypic investigations [45] .
Together, these features allow experimental validation of basic observations, for example by performing competition experiments with isogenic strains only differing in a putative domestication gene [46] . In addition, a wide array of domesticated and wild Saccharomyces is available, allowing for a comprehensive comparison. S. cerevisiae has hence served as a launch pad for many landmark discoveries in microbial domestication [47] .
While there is still debate over S. cerevisiae's natural habitat, with some models even suggesting a nomadic lifestyle with no real niche [48] , this yeast clearly found a second habitat in many traditional and modern man-made fermentation environments, such as beer, bread and wine. The most important feature that makes S. cerevisiae particularly suited for these processes is its ability to convert a wide variety of sugars to ethanol, an antimicrobial compound to which S. cerevisiae itself is highly tolerant [49] . Since ethanol can serve as a natural preservative by killing other, undesired microbes, and additionally has the capacity to act as an intoxicating and habit-forming drug, fermenting food became common practice, and emerged independently in different ancient civilizations worldwide [17] .
Today, numerous different yeast strains are available for each specific fermentation process. These strains are genetically and phenotypically distinct from wild strains and, with a few exceptions, phylogenetically cluster according to industrial application (wine, beer, bread, fermented milk, sak e, etc.) [20, [50] [51] [52] . In addition, each of the individual industrial strains differs to some extent in traits such as fermentation performance and aroma production. Domesticated S. cerevisiae strains show a combination of enhanced natural traits that made them suited for the fermentation environment in the first place (e.g., adaptation to sugar-rich, oxygen-limited environments [53] and high tolerance to ethanol), as well as novel phenotypes that arose during the domestication process, which can be specific for each fermentation environment. For instance, beer yeasts can metabolize maltotriose, a beer-specific sugar, while wine yeasts are fully equipped to withstand the predominant sterilization agents in the winery (sulfite) and vineyard (copper sulphate, the 'Bordeaux mixture') [45, 46, 54, 55] . Interestingly, wine yeasts show a more limited domestication compared with the beer yeasts [20, 56] . For example, beer yeasts have generally lost the ability to resist stressors or long periods of famine that are encountered outside the fermentation environment, while the general stress resistance and sporulation capacity of wine yeasts resembles more that of wild strains [20] . This is likely because wine yeasts are only used to ferment grape juice in the winery once every year, after the harvest season. For the rest of the year, wine yeasts may survive within or around the winery in conditions that are closer to the natural environment.
While industrial S. cerevisiae strains show clear genetic and phenotypic features linked to man-made environments that set them apart from their wild ancestors, the exact origin and onset of domestication are not yet fully understood. Based on their genetic relationship, industrial strains can be divided into several lineages that largely correspond to their industrial use [20, [50] [51] [52] 57, 58] . A major separation is observed between European and Asian industrial strains (Figure 2) . The European super-clade mainly contains lineages associated with products made through liquid-state fermentations, such as beer, wine and spirits. The Asian clade includes strains used in solid-state fermentations, such as the production of mantou (steamed bread) and Chinese liquors, traditionally fermented from grains like sorghum, rice or millet. Moreover, both Asian and European industrial lineages are genetically separated from wild strains isolated across multiple geographical locations in Asia, North America and Africa (Figure 2 ). Recently, a single 'out-of-China' event was suggested to be the most likely model explaining the current diversity of wild and domesticated S. cerevisiae strains [50, 59, 60] . There are two main observations in support of this hypothesis. First, far East Asia, and more specifically China, holds the largest genetic diversity of S. cerevisiae strains, both wild and domesticated lineages [59] . Second, genetic analyses suggest that both European and Asian domesticates stem from wild lineages isolated in Chinese primeval forests [59] .
It is still unclear, however, whether domestication started in Asia and the domesticated strains were later introduced to Europe, or whether wild Saccharomyces found its way from Asia to Europe, and domestication was initiated independently. This conundrum is exemplified by the surprising phylogenetic location of two specific lineages. First, strains associated with traditionally fermented Asian dairy products form a distinct lineage within the clade of European industrial yeasts (Figure 2) . This is counterintuitive, as these dairy products were produced in a very traditional way by local families in remote pastoral areas covering western and northern China and Mongolia and it is difficult to explain how the strains associated with these local dairy products would resemble European strains. Second, strains isolated from oak bark in the Mediterranean area are closely related to the European wine clade [61] . It was argued that this oak lineage could represent the wild stock of domesticated wine strains, but the alternative hypothesis that this lineage was established after a back-to-nature event of a wine strain can currently not be rejected. A thorough and systematic investigation of wild S. cerevisiae lineages across Asia and Europe, and particularly in regions that bridge the two, could further elucidate the onsets of domestication.
Whereas the details of the domestication process of some S. cerevisiae industrial yeasts remain unknown, the example of beer yeasts is clearer. The combination of large-scale genomics and historical knowledge of beer production allowed reconstructing the domestication route of beer yeasts [20] . Recently, it was suggested that beer yeasts originated from admixture between several subpopulations related to present-day wine and Asian lineages, as well as an uncharacterised subpopulation Figure 2 . Schematic overview of the genetic relationships among 628 S. cerevisiae strains based on the phylogenetic tree reported in [59] .
Only major phylogenetic groups are reported. Wild strains from Asia, North America and West Africa (green cluster) are genetically separated from domesticated strains from Asia (yellow cluster) and Europe (red cluster). The wild yeast lineages from Asia, and more specifically China, are considered to be the original wild stock of the two domesticated clusters. Domesticated strains from Asia have been mainly isolated from solid-state fermentations (e.g., sorghum-based Chinese liquor and mantou, which is steamed bread) while domesticated strains from Europe primarily originate from liquid-state fermentations (beer, wine, spirits, etc.). The red cluster includes mostly domesticated lineages with the exception of oak-associated wild strains isolated from the Mediterranean area [61] . Moreover, in addition to European strains, the red cluster includes also a subgroup of strains isolated from traditional Asian fermented dairy products. [23] . After admixture, the newly formed beer yeast lineages started diverging and became domesticated, resulting in the present-day beer yeast diversity. Interestingly, the life history of beer yeasts during this period of domestication is relatively predictable and well-documented, which makes it possible to study the domestication process of these lineages in more detail. Beer fermentations take about one week, during which the yeast goes through 2-3 divisions. After the end of fermentation, backslopping is used to inoculate the next fermentation batch. Whole-genome sequencing of over 100 S. cerevisiae beer yeasts showed that the strains used in the US are closely related to those used in the UK, indicating that US beer strains were not derived from an autochthonous American wild stock. Instead, this strongly suggests that these yeasts were introduced by British settlers in the early 17 th century, when the first US breweries were founded [62] . Using this event as a calibration point for the molecular dating based on the genome sequences, it was calculated that the last common ancestor of most present-day ale beer yeasts dates back to the late 16 th century. This coincides with the gradual switch from domestic brewing in private households to more centralized, large-scale brewing in pubs, monasteries and breweries. This date does not necessarily mark the onset of beer yeast domestication, since some adaptations to the beer environment were likely already present in the ancestral strain. For example, ancestral reconstruction of the genes responsible for production of 4-vinyl guaiacol, a beer off-flavour, indicated that production of this compound was already impaired in the ancestor of the main beer lineage [20] . However, the 16 th century does represent a turning point in beer yeast evolution, most likely because at that point, one or a few related semi-domesticated beer yeasts found their way into the larger-scale breweries that were emerging, which started a period of more intense domestication that led to the current-day beer yeasts [20] .
Genetic Routes to Domestication in Saccharomyces cerevisiae
Although domesticated microbes show characteristics that drastically differ from their wild ancestors, the molecular underpinnings of these domestication traits have only recently begun to be elucidated. As a case study, we will discuss the main genetic mechanisms associated with domestication in S. cerevisiae. However, many of these mechanisms also apply to other domesticated species, both microbial (Table 2) as well as plants/animals ( Table 1) . Adaptation is often associated with single nucleotide polymorphisms (SNPs) in the DNA. Indeed, SNPs have been linked to adaptations of S. cerevisiae's phenotype to industrial fermentations, for example, by changing sugar metabolism or by reducing production of undesired flavours [20, 56] . This SNPcentric view of genetic variation is at least partly attributable to technical difficulties in detecting many other types of variation, such as large structural variations, using short-read sequencing. Moreover, it is challenging to induce and control structural variations, which complicates experimental validation. Nevertheless, it has been well-established that SNPs only represent a small fraction of the genetic changes involved in domestication of S. cerevisiae [63] . This might be due to the fact that adaptation to harsh and competitive fermentation environments requires drastic phenotypic changes on a short evolutionary timespan, which might be difficult to acquire by point mutations alone. Instead, domestication seems to also rely on several types of structural rearrangements in the genome. Below, we have listed the most prominent ones, all of which have been reported in domesticated S. cerevisiae strains. Copy Number Variation Copy number variants (CNVs) are (small) genetic loci, like genes, which due to deletions and duplications vary in their absolute number across individuals from a population. They occur independently of SNPs, and are a widespread evolutionary mechanism to alter an organisms' phenotype. In humans, for example, an increased copy number of AMY1, a gene encoding a starch-degrading enzyme, has been reported in populations with high-starch diets [64] . In domesticated S. cerevisiae, CNV has been associated with various specific adaptations to the industrial environment [63] . For example, the copy number of CUP1, a gene encoding a copper binding protein, varies drastically between strains, ranging from 1 to 18 copies in a set of 100 strains [58] . Wine strains generally show a high copy number, as an increased number of CUP1 genes provides an effective protective mechanism against the aforementioned copper-containing 'Bordeaux mixture', a fungicide used in vineyards. In beer yeasts, CNV of the MAL genes (encoding maltose transporters and hydrolases) improve consumption of maltose and maltotriose, the main sugars available during the fermentation of beer wort [20] . Large Structural and Karyotype Variations Large-scale structural variations, such as inversions, reciprocal translocations, transpositions, novel insertions, deletions and duplications, are a type of genetic variation that is difficult to trace with traditional short-read sequencing. New sequencing platforms, such as those of Pacific Biosciences (PacBio) and Oxford Nanopore, can provide the long-read sequences necessary to resolve complex regions in the genome [65] , or even provide end-to-end genome assemblies [66] . In Saccharomyces spp., long-read sequencing revealed that S. cerevisiae more rapidly accumulates unbalanced rearrangements (novel insertions, deletions and duplications) in its chromosomal core compared with its non-domesticated sister-species Saccharomyces paradoxus [66] . In addition, S. cerevisiae shows a higher degree of interchromosomal reshuffling in its subtelomeric regions. As subtelomeres are highly enriched for genes involved in interactions with external environments (e.g., stress tolerance, nutrient uptake and ion transport) [67] , it was argued that the increased variability in subtelomeric regions from S. cerevisiae reflects selection for evolvability, which allows S. cerevisiae to respond and adapt more quickly to changing environments [66] . One of the best-documented examples of how interchromosomal reshuffling was selected during yeast domestication is sulfite tolerance. This domestication phenotype, which is common in wine yeast, is described to have evolved independently (at least) twice through two different mechanisms, each involving a translocation from one chromosome to another [54, 68] . Both mechanisms result in the modification of the upstream region of SSU1, a gene encoding a sulfite pump that confers high levels of sulfite resistance, leading to an increased expression.
Variation of an organism's karyotype is an extreme form of CNV. Changes in chromosome number can occur by the gain or loss of one or a few chromosomes (leading to 'aneuploidy') or by the gain or loss of complete sets of chromosomes ('euploidy'). Losses or gains of chromosomes are rarely supported in animals or humans and are often associated with diseases and genetic disorders [69] . In contrast, karyotype variations are well-tolerated by yeasts. Moreover, a change in chromosomal copy numbers is often observed in yeast when they adapt to new, stressful environments [70] [71] [72] . For example, improved copper tolerance was rapidly acquired in adaptive evolution experiments by an increase in the copy number of chromosome VIII, which harbours the CUP1 gene (see earlier) [73] . Interestingly, such large structural variation only represents a transient solution that offers relief from the stress, after which further evolution often results in more subtle and targeted ways of dealing with the new environment, usually at the individual gene level [70, 74] .
Interspecific Hybridization
Hybridisation between species often leads to inviable or infertile offspring, yet examples of interspecific hybrids have been reported in all kingdoms of life. Most famously, mules are a result of a hybridization between a donkey and a horse. Similarly, ligers (lion x tiger), grolars (grizzly x polar bear) or Triticale (wheat x rye) have been reported. Some of these are even purposely bred for their interesting features that combine phenotypes of both parental species. For example, Triticale shows the yield and grain quality of wheat combined with the disease and stress tolerance of rye [75] .
Interspecific hybrids sometimes carry almost a complete set of chromosomes of both parents. In other cases, repeated back-crossing to the parental species most abundantly present in the hybrid's direct environment results in genomes that largely resemble this abundant parent's genome, supplemented with small fractions of the other. This process is called introgressive hybridization. Successful interspecific hybrids are more common in organisms that can support polyploidy and can switch between sexual and asexual reproduction modes, such as many plants and fungi [76, 77] . In Saccharomyces, interspecific hybrids emerged naturally in response to manmade fermentation environments. Hybrids often combine the vigorous fermentation capacity of S. cerevisiae with the tolerance to cold temperatures of other Saccharomyces species, such as Saccharomyces eubayanus, Saccharomyces kudriavzevii or Saccharomyces uvarum [78] [79] [80] . In fact, the mostconsumed alcoholic beverage in the world (lager, or pilsner, beer), is produced by an interspecific hybrid between S. cerevisiae and S. eubayanus, more commonly known as Saccharomyces pastorianus [78] . This lager yeast thrived after some regions in Germany obliged brewers to produce beer during the colder seasons [80] . Horizontal Gene Transfer Horizontal gene transfer (HGT), also known as lateral gene transfer, is the acquisition of genetic material from another unrelated organism. While there are only a few confirmed examples of horizontally transferred genes in genomes of plants and animals [81, 82] , HGT plays a major role in the evolution of microbes [28, 46, 83] . Especially noteworthy is the apparent ease with which bacteria are able to incorporate foreign DNA and use it to their advantage. A key example of this are the large plasmidomes present in several domesticated LAB (see earlier) [22, 31] . In yeast, HGT also plays a major role in evolution and adaptation. A recent study describes how some yeast species even incorporated a full bacterial operon, encoding a siderophore biosynthesis pathway [84] . After transfer, the operon underwent several genetic changes during subsequent evolution (e.g., gain of new transcription start and polyadenylation sites, structural rearrangements and integration of eukaryotic genes), resulting in monocistronical expression of the genes. Similarly, a few cases of adaptive HGT have also been reported in domesticated S. cerevisiae. Many wine yeasts, for example, integrated a set of genes they acquired from another yeast species, Torulaspora microellipsoides, in their genome. This new gene set resulted in improved oligopeptide uptake, giving wine yeasts a competitive edge during wine fermentations where nitrogen sources are scarce [46] . In the same horizontally transferred region, a gene encoding a high-affinity fructose transporter is present, which is suggested to help scavenge the final traces of fructose present at the end of wine fermentation [85] . However, experimental evidence of this hypothesis is lacking.
It is important to note, however, that domestication traits can arise through a combination of the abovementioned mechanisms. For example, the ability of milk-adapted S. cerevisiae strains to efficiently ferment galactose arose through a combination of an introgressive hybridization event, duplications, deletions and SNPs [86] . Together, this resulted in a network that was rewired to constitutively express the non-native GAL genes and abolish glucose repression.
Concluding Remarks and Outlook
Knowledge on the domestication of microbes is catching up quickly with that on domestication of plants and animals. The absence of microbial fossils and historical records is compensated for by large whole-genome sequencing efforts, and the ease and speed at which hypotheses can be tested in the lab. This allows researchers to track, and in some cases even reproduce, the route to microbial domestication. However, it is often still unclear how many, and which, of the molecular changes that occurred during domestication are really adaptive, and which are merely the result of genetic drift.
In the last couple of decades, we have arrived at a turning point in microbial domestication. The process of backslopping is not used anymore in most industrial processes. Instead, starter cultures are preserved as frozen stocks, to ensure product consistency. Brewers, for example, only recycle the yeast from one fermentation batch to another for a few cycles before starting a new culture from the frozen stock. This practice stops the evolution process in man-made fermentation environments, effectively halting domestication in the brewery. Similarly, many winemakers and bakers buy dried yeasts produced from frozen stocks by industrial yeast factories. On the other hand, biotechnological advances have started a second wave of domestication. The availability of whole-genome sequencing data, combined with an expansive experimental toolbox, allows researchers to generate novel, superior variants in the lab. For example, biotechnology allows fixing some of the (unwanted) side-effects of domestication, such as decreased fitness in stresses not encountered in their traditional fermentation niche. Resistance to such stressors, such as high osmolarity, low pH, and increased temperatures, might become important in more recent industrial applications of microbes, such as biofuel production or high gravity brewing [87] . Targeted genome editing, for example using CRISPR-Cas9-based strategies, now also allows researchers to (re)create favourable domestication phenotypes in wild stocks without this typical fitness decrease [88] . This 'de novo' domestication process has already been applied successfully in wild tomatoes and groundcherries [89, 90] , resulting in both cases in bigger fruit size. For microbes as well, this could be a route to obtain new variants. Importantly, while 'natural' domestication often spans centuries of carefully selecting offspring with the desired properties, this de novo domestication can occur on a much shorter timescale. The commercial downside, however, is that these gene-edited varieties will likely be labelled as genetically modified organisms (GMOs), although the legal framework on CRISPR-Cas9 is currently still being discussed.
While there are some obvious incentives for using domesticated microbes in industrial fermentations, a countermovement is emerging. Most microbes have been domesticated to produce a typical, desired aroma. For example, almost all present-day wine yeasts belong to a single genetic lineage of domesticated S. cerevisiae, limiting the possibilities to modify the aroma by the yeast [91] . In response to this uniformity, some fermented foods and beverages, and especially wines, have seen a trend towards the utilization of wild indigenous microbes instead of the traditional, domesticated strains [92, 93] . Such 'wild' microbes often produce different, more acidic and 'funky' flavours than their domesticated counterparts [94] . On the other hand, it is also clear that domesticated microbes offer many advantages over their wild counterparts, not only because they often have higher yields and fermentation rates, but also because they offer more balanced and consistent aroma profiles. Moreover, the recent advances in our knowledge and understanding of domestication, coupled with the available toolbox for directed evolution of microbes, makes it possible to create more diverse domesticated lineages, thereby combining the advantages of the diversity of natural organisms with the benefits of domesticated variants.
